Polycistronic mRNAs transcribed from operons are resolved via the trans-splicing of a spliced-leader (SL) RNA. Transsplicing also occurs at monocistronic transcripts. The phlyogenetically sporadic appearance of trans-splicing and operons has made the driving force(s) for their evolution in metazoans unclear. Previous work has proposed that germline expression drives operon organization in Caenorhabditis elegans, and a recent hypothesis proposes that operons provide an evolutionary advantage via the conservation of transcriptional machinery during recovery from growth arrested states. Using a modified cap analysis of gene expression protocol we mapped sites of SL trans-splicing genome-wide in the marine chordate Oikopleura dioica. Tiled microarrays revealed the expression dynamics of trans-spliced genes across development and during recovery from growth arrest. Operons did not facilitate recovery from growth arrest in O. dioica. Instead, we found that trans-spliced transcripts were predominantly maternal. We then analyzed data from C. elegans and Ciona intestinalis and found that an enrichment of trans-splicing and operon gene expression in maternal mRNA is shared between all three species, suggesting that this may be a driving force for operon evolution in metazoans. Furthermore, we found that the majority of known terminal oligopyrimidine (TOP) mRNAs are trans-spliced in O. dioica and that the SL contains a TOP-like motif. This suggests that the SL in O. dioica confers nutrient-dependent translational control to trans-spliced mRNAs via the TOR-signaling pathway. We hypothesize that SL-trans-splicing provides an evolutionary advantage in species that depend on translational control for regulating early embryogenesis, growth and oocyte production in response to nutrient levels.
Introduction
Operons comprise multiple, densely packed genes transcribed as single, polycistronic mRNAs. In prokaryotic genomes they are thought to facilitate coexpression and horizontal gene transfer. Operons have also been found in numerous eukaryotic species from protists to chordates (Bonen 1993; Blumenthal and Gleason 2003; Ganot et al. 2004; Hastings 2005; Denoeud et al. 2010; Douris et al. 2010; Allen et al. 2011) , where genes within operons show limited evidence for coexpression and horizontal gene transfer is rare. The evolutionary advantage of operons in eukaryotes is unclear. Operon expression is enriched in the germline of the nematode Caenorhabditis elegans but genes expressed during spermatogenesis are excluded from operons (Reinke and Cutter 2009 ). The role of operons in the germline is unknown but it has been proposed that the reliance of these genes on their 3 0 -UTRs for their regulation (Merritt et al. 2008 ) facilitates their incorporation into operons (Reinke and Cutter 2009) . When the environment is not conducive to reproduction C. elegans enters a state of growth arrest until conditions become more favorable. In this way reproductive output is linked to environmental cues. In a recent new hypothesis for the evolution of operons in Metazoa (Zaslaver et al. 2011) , it was proposed that operons facilitate recovery from growth arrest; operon genes are transcribed from a single promoter and the resulting conservation of transcriptional machinery subunits may provide a critical survival advantage under conditions of limited resources. Support for this hypothesis has been provided by mathematical modeling, and the findings in C. elegans that operon genes are mainly growth-related genes with expression levels that are upregulated during recovery from growth arrest and are anticorrelated with expression of nonoperon genes (Zaslaver et al. 2011) .
In eukaryotes, polycistronic mRNAs that are transcribed from operons are resolved into monocistronic transcripts for translation via the trans-splicing of a short spliced-leader (SL) RNA sequence to their 5 0 -ends (Hastings 2005; Stover et al. 2006) . SL RNA genes are transcribed by RNA pol II and give rise to short noncoding RNAs with a modified, hypermethylated, 5 0 -cap structure. A donor splice site splits the molecule into an exonic 5 0 -region and an intron-like 3 0 -region. The SL exon is trans-spliced onto acceptor sites found in a subset of mRNAs, and thereby forms a common 5 0 -end for these mRNAs. SL RNAs are also trans-spliced onto monocistronic mRNA. In C. elegans, 70% of mRNAs are trans-spliced and 17% of mRNAs are found in operons (Blumenthal and Gleason 2003; Allen et al. 2011) . A recent survey of SL trans-splicing in Ciona intestinalis found that at least 58% of genes are transspliced (Matsumoto et al. 2010 ) and 20% of genes are contained in operons (Satou et al. 2008) .
Although it has a clear function in resolving polycistronic mRNA transcripts, the evolutionary origin and other functions of SL trans-splicing, particularly to monocistronic transcripts, are largely unknown. Hypothesized functions include: "Sanitization" of the 5 0 -end of a transcript by removing deleterious sequences in the 5 0 -UTR, for example, out of frame AUG start codons, while at the same time freeing up this region for the evolution of regulatory sequences; provision of a 5 0 -cap to RNA transcribed by RNA polymerase I; and increased efficiency, or additional regulatory control, of translation (Hastings 2005) .
Oikopleura dioica is a pelagic tunicate belonging to the appendicularians or larvaceans, the closest living relatives of vertebrates (Delsuc et al. 2006) . A model organism with a short 6-day life cycle, established culture methods (Bouquet et al. 2009 ) and a recently sequenced genome (Denoeud et al. 2010) , it also has numerous genomic features of particular interest (Chavali et al. 2011) including the most compact genome of any animal so far sequenced at 70 Mb and a predicted 18,020 gene models. The developmental trancriptome of O. dioica has recently been characterized using tiling microarrays at high temporal resolution (Danks et al. 2013) . Oikopleura dioica has an estimated 1,765 operons (Denoeud et al. 2010) , comprising a total of 5,005 genes (28% of all genes), with polycistronic transcripts requiring SL trans-splicing. A single SL RNA was detected in O. dioica and estimated from expressed sequence tag (EST) data to be associated with at least 25% of genes (Ganot et al. 2004) . As in other species, genes within operons in O. dioica tend to have "housekeeping" functions, including genes that are important for growth (Denoeud et al. 2010) . Growth arrest can also be induced in O. dioica by culturing the animals at high density and low food availability (Subramaniam et al. 2014) . The animals arrest their development after metamorphosis and prior to germline meiotic entry, at day 3 of their 6-day life cycle. Hypotheses for the evolution of operons and the functions of SL trans-splicing in metazoans have largely been based on studies of C. elegans and Ci. intestinalis. Because O. dioica is a sister urochordate species to C. intestinals and growth arrest can be induced, it provides a well-adapted model for studying the expression dynamics of operons and testing these hypotheses.
Mapping SL-trans-splice sites in O. dioica, genome-wide at high accuracy, using a modified cap analysis of gene expression (CAGE) protocol (Kodzius et al. 2006) , revealed that 39% of annotated gene models are trans-spliced with the SL, higher than previous estimates, and that 58% of these are found in annotated operons. We tested several key hypotheses that propose different driving forces for the evolution of operons in metazoans. We used existing tiling microarray data covering the whole life cycle of the animal (Danks et al. 2013 ) and generated a new tiling array data set for this study in order to measure the global transcriptional response of all genes during recovery from growth arrest.
In contrast to what was observed in C. elegans (Zaslaver et al. 2011 ), we found that monocistronic genes that are not trans-spliced, rather than operon or trans-spliced monocistronic genes, are upregulated during recovery from growth arrest. Therefore, the hypothesis that operons evolved due to a transcriptional advantage during recovery from growth arrest (Zaslaver et al. 2011 ) cannot be generalized to all metazoans. Consistent with results of previous studies in other species we did, however, observe an enrichment of operon expression in the germline.
Maternal mRNA (and protein) is prestocked in the oocyte during oogenesis. During early embryogenesis, before the activation of the zygotic genome, the regulation of protein levels is controlled primarily via the regulation of translation of these maternal transcripts. In the single-celled ovary in O. dioica, the number of oocytes produced during oogenesis is highly variable in response to different nutrient regimes the animal naturally experiences in coastal waters (Ganot, Bouquet, et al. 2007 ). We found a strong enrichment of trans-spliced genes in maternal transcripts in O. dioica. Subsequent analyses of existing data from Ci. intestinalis (Azumi et al. 2007; Matsumoto et al. 2010; Matsuoka et al. 2013 ) and C. elegans (Baugh et al. 2003; Allen et al. 2011) revealed that this trans-spliced maternal mRNA link is shared among all three species. Thus, our results suggest that trans-splicing in metazoans can play an important role in maternal gene expression.
We further found evidence that trans-splicing of a SL confers a means for nutrient-dependent translational control of mRNAs in O. dioica. The majority of known terminal oligopyrimidine (TOP) mRNAs (mRNAs that have a 5 0 -TOP motif conferring a means for nutrient-dependent translational control (Meyuhas 2000) ) are trans-spliced in O. dioica and a TOP-like motif is present in the SL. This suggests that SLtrans-spliced transcripts in O. dioica are targets for translational control in response to changing environmental or physiological conditions, particularly nutrient levels. This may be a feature of trans-splicing shared with C. elegans as well-known TOP mRNAs are also trans-spliced in this species. 
MBE
In both kinetoplastids and nematodes, SL-trans-splicing of polycistronic operon genes is coupled to 3 0 -end formation (Hummel et al. 2000; Evans 2001; Clayton 2002 ). This coupling is further reinforced in O. dioica, where the very small size of intercistronic distances (as short as 23 bp) means that much of the cis-regulatory information for 3 0 -end formation has been lost (Ganot et al. 2004) . Thus, the incorporation of a series of genes into operons effectively imposes the requirement for SL-trans-splicing in order to produce protein products. For gene products retained under tight translational control, in response to changing physiological or environmental conditions, incorporation into operons ensures they are trans-spliced with the SL that contains translational regulatory information. We propose that this may therefore be a driving force for the evolution of operons in metazoans.
Results
SL Trans-Splicing Is Associated with 39% of Oikopleura Genes, 58% of Which Are in Operons Using a modified CAGE protocol, we performed genomewide mapping of the sites of SL trans-splicing to the 5 0 -ends of mRNA transcripts in O. dioica using RNA from multiple developmental stages covering the entire life cycle. There were 15,315 CAGE trans-spliced sites (CTSSes) in the O. dioica genome, 13,077 of which are supported by more than one tag count. Adenosine occurs at the CTSS in 10,031 cases, confirming genome-wide the trend identified previously in O. dioica (Ganot et al. 2004 ). The canonical "AG" 3 0 -cis-splice acceptor site is present immediately upstream of 12,808 CTSSes ( fig. 1A) . The sequences immediately upstream of these acceptor sites are rich in thymine residues, and the 50 nt regions up and downstream of CTSSes show significant differences in mean GC content ( fig. 1B ; Welch two-sample t-test: t = À135.25; df = 30,519.04; P-value < 2.2e-16), with the downstream region mean GC content (0.43) resembling that of coding regions (0.45) and the upstream region (0.30) having a lower GC content than both the genome-wide mean (0.39) and intergenic regions (0.37). This pyrimidine enrichment is also present upstream of Ci. intestinalis and C. elegans trans-splice sites and resembles the polypyrimidine tract that occurs upstream of vertebrate cis-splice acceptor sites. This polypyrimidine tract provides a binding site for spliceosomal proteins.
We then assessed the locations of trans-splicing in relation to predicted gene model transcription start sites and found that 10,474 SL trans-spliced sites (out of the 12,808 with an acceptor site), are within the gene body or its 500 bp upstream region of 6,559 gene models. This associates spliced leader trans-splicing with approximately 39% of O. dioica genes, higher than previous estimates from EST data (Ganot et al. 2004 ). There is a strong tendency (3,536 genes) for trans-splicing to take place at the annotated transcription start site ( fig. 1C) as expected, because the locations of the spliced leader in mRNAs were used in annotating gene models (Supporting Online Material in Denoeud et al. [2010] ). Representative examples of CAGE-mapped O. dioica SL trans-splice sites in poly-and monocistronic contexts are shown in supplementary figure S1, Supplementary Material online.
Gene ontology (GO) analyses revealed that SL trans-spliced genes are enriched for growth-related, house-keeping, GO terms including RNA processing, translation, metabolic processes, ribosome biogenesis, and cell cycle (supplementary table S1, Supplementary Material online), whereas those genes without trans-splicing are enriched for terms associated with DNA integration, chromatin assembly, and developmental and system processes, with fewer metabolic processes (supplementary table S2, Supplementary Material online). This is in agreement with trans-spliced genes, and operons in particular, being associated with housekeeping and growthrelated functions in other species (Blumenthal and Gleason 2003; Zaslaver et al. 2011) .
Oikopleura dioica has a predicted 1,765 operons comprising 5,005 genes. We found 5,975 CTSSes that have an acceptor site associated with 3,656 genes annotated as belonging to an operon (5,470 CTSSes and 3,588 genes, excluding single count CTSSes, 70% of which have CTSSes at their annotated start sites). We also observed that 42% of SL transcripts are monocistronic; in these cases SL trans-splicing has a function other than resolving polycistronic mRNA.
Expression Levels of O. dioica Genes within an Operon Are Often but Not Always Correlated One possible advantage of operons is that genes requiring similar expression patterns can be placed under the same regulatory control and coexpressed. In C. elegans some genes within individual operons have coregulated mRNA levels, but there are numerous cases where they are not (Chen 2006) . It has been suggested that additional posttranscriptional regulation, such as mRNA degradation, must take place to alter the abundance of these transcripts once trans-spliced. We examined the level of coregulation of neighboring genes located within the same operons in O. dioica using comprehensive microarray data across the animal's entire 6-day life cycle (Danks et al. 2013) , taking into account all genes that are present and expressed on the arrays.
Within operons that have evidence of trans-splicing in all genes, the mean correlation coefficient of neighboring genes was 0.33 ( fig. 2A) . Although the expression profiles of many genes within the same operon were highly correlated there were many instances of anticorrelating profiles. The mean correlation of neighboring operon genes was the same as that of neighboring trans-spliced monocistronic genes on the same strand (0.33) and lower than that of genes that have a parallel orientation on the same strand but are not trans-spliced (mean correlation coefficient 0.39).
We examined intergenic distances between neighboring gene pairs and found 477 pairs of monocistronic trans-spliced genes on the same strand with median intergenic distances of 291 bp, a median value between that of operons and nontrans-spliced genes ( fig. 2B ). These genes tend to be highly correlated. Some of these may be unannotated operons with MBE longer intercistronic distances than previous estimates of less than 60 bp (Denoeud et al. 2010 ). For others it is possible that these are genes for which the evolution of new operons may occur. These genes are enriched for GO terms that include mRNA metabolic process, intracellular transport, cellular localization, and translation. We also found 93 pairs of divergent monocistronic transspliced genes with a median intergenic distance of 774 bp and a positive correlation of expression profiles (correlation coefficient 0.30) suggesting that a proportion of these may share a promoter. On the other hand, 61 pairs of convergent monocistronic trans-spliced genes had lower correlations of expression profiles (mean correlation coefficient 0.18) than other pairs of genes, though still higher than random pairs of genes (mean correlation coefficient 0.11), suggesting possible inhibitory effects.
Together these results suggest that operons in O. dioica did not evolve due to an advantage in the coregulation of genes.
Operon Gene Expression Is Enriched in the Germline, Decreases during Embryogenesis and Weakly Anticorrelates with Nonoperon Expression across Development
We examined the expression profiles of SL trans-spliced (operon and nonoperon) genes across the life cycle of O. dioica, including stages of embryogenesis and growth arrest. In all analyses genes annotated as operons were only included if they were also SL trans-spliced in order to avoid including misannotated genes. Median levels of expressed operon and nonoperon genes were similar in most stages of development, with trans-spliced operon genes showing higher median expression levels in oocyte, 1HPF, day 3 and day 5 and non-trans-spliced nonoperon genes showing higher median expression levels in early tadpole, day 1 and days 2, 3, and 4 of growth arrest and in the testis ( fig. 3A ). This differs to what was found in C. elegans where operon expression levels were approximately 2-fold higher than nonoperon levels in all stages of development (Zaslaver et al. 2011 ).
The proportion of expressed genes belonging to operons and nonoperons varies across development with a higher proportion of operon genes making up those expressed in the ovary, oocyte, and early development up to the hatched stage after which nonoperons form the largest proportion of genes expressed ( fig. 3B ). Differences in proportions were statistically significant across all stages ( 2 test P-values all <2.88e-16). Surprisingly, given that genes involved in spermatogenesis in C. elegans are excluded from operons (Reinke and Cutter 2009 ), a high proportion of genes expressed in the O. dioica testis were in operons. Indeed, 42% of all SL-operon genes known to be expressed in O. dioica were expressed in the testis. These include 17/57 genes annotated with the GO term for spermatogenesis. Genes involved in spermatogenesis have therefore not been excluded from operons in O. dioica. It was proposed that spermatogenesis genes in C. elegans are excluded from operons because they require more complex regulation whereas oogenesis genes rely primarily on their 3 0 -UTR for regulation (Merritt et al. 2008; Reinke and Cutter 2009) . If this is the case it suggests at least a subset (30%) of spermatogenesis genes in O. dioica either have less complex regulatory requirements (in keeping with the animal's compact genome), rely on regulation via their 3 0 -UTRs, or that they are more subject to translational control via the SL.
In addition to examining the proportion of expressed genes in different trans-splicing categories, we also examined the proportions of operon genes, monocistronic trans-spliced genes and nonoperon genes that are expressed at each stage. As seen in C. elegans (Reinke and Cutter 2009) the proportion of operon genes expressed in the ovary was high (where 67% of operon genes are expressed compared with only 15% of monocistronic genes that are not trans-spliced). Operon gene transcripts were also particularly abundant in the oocyte (84% of the genes found in operons versus 17% of non-trans-spliced nonoperon genes), 2-8 cells (54% vs. 10%), and 1HPF (70% vs. 15%).
When mean expression levels over all (including silent) genes within each category were evaluated, operon genes exhibited higher mean expression levels ( fig. 3C ), particularly during early development (reflecting the high number of silent nonoperon genes). From 1HPF to the tailbud stage, the expression levels of operon genes fell rapidly, whereas there was a small increase in expression levels of nonoperons. After embryogenesis, and at the onset of rapid growth, monocistronic trans-spliced genes had higher mean expression levels than operon genes ( fig. 3C ). Across development (oocyte to day 5), we observed a weak anticorrelation between the mean expression profile of operons and the expression profiles of nonoperons (Pearson's correlation coefficient: À0.16). This anticorrelation is far weaker than that found in C. elegans (À0.86 during embryogenesis; À0.81 for rapid posthatching growth) and Ci. intestinalis (À0.96 across the entire life cycle; Zaslaver et al. 2011) , indicating that overall developmental complementarity in expression patterns of operon and nonoperon genes is less pronounced in O. dioica as compared with the other models.
A Switch from Predominantly Trans-Spliced to Predominantly Non-trans-Spliced Transcripts Occurs at the Maternal to Zygotic Transition
The developmental time course tiling array data (Danks et al. 2013 ) revealed the shift from maternal to zygotic transcription in O. dioica. Maternal transcripts were rapidly degraded early in embryogenesis: 2,587 out of 6,972 genes with transcripts present in the oocyte were absent at the 2-8 cell stage. The first wave of zygotic gene activation peaked at the tailbud stage where 1,520 genes were switched on for the first time. Because operon genes are enriched in the germline, we wished to investigate their expression patterns during the maternal to zygotic transition. There was a striking difference, genome-wide, in the pattern of expression between operons and nonoperons: mRNAs produced from operons were highly expressed in the ovary and during early development (oocyte-1HPF), whereas mRNAs produced from nontrans-spliced monocistronic genes were highly expressed 589 Trans-Splicing and Operons in Metazoans . doi:10.1093/molbev/msu336 MBE from tailbud, through metamorphosis and up to initiation of gamete differentiation on day 3 ( fig. 4A) .
Out of 3,081 genes that were expressed in both maternally and zygotically controlled stages (all stages up to and including tailshift), 70% were trans-spliced (43% were within operons and 27% were trans-spliced monocistronic genes), whereas 20% were not trans-spliced (the remaining 10% could not be confidently categorized). Among the maternal transcripts that were degraded by the 2-8 cell stage, 42% were SL-trans-spliced operon transcripts whereas only 27% were non-trans-spliced monocistronic transcripts ( fig. 4B and C) . A proportion (20%) was also monocistronic SL-trans-spliced transcripts giving a total of 62% that were SL-trans-spliced, a significant enrichment when compared with the proportion of SL-trans-spliced genes present in the genome (39%) ( fig. 4B ; 2 [1, N = 16,749]=779.46, P-value < 2.2e-16). In the oocyte, 234 genes have transcripts that were not present at any other stage of normal development: 44% of these were SL-transspliced operon genes; 13% were SL-trans-spliced monocistronic genes; and 31% were non-trans-spliced nonoperon genes MBE (the remaining 12% could not be confidently categorized). Conversely, 67% of genes activated at the tailbud stage were non-trans-spliced nonoperon genes; only 10% were SL-transspliced operon genes; and 15% were SL-trans-spliced monocistronic genes ( fig. 4C) . A second wave of gene activation peaked at the metamorphic tailshift stage where 2,578 genes were switched on for the first time. Here, 80% of genes were non-trans-spliced nonoperon genes, only 4% were SLtrans-spliced operon genes, and 10% were SL-trans-spliced monocistronic genes. Therefore, a clear shift in the use of trans-splicing and operon organization was observed between stages controlled by maternal transcripts versus those directed by zygotic transcripts.
Trans-Splicing Itself, Rather Than Organization into Operons, Is Important for Maternal Gene Regulation in Metazoans
Given the striking correlation between trans-spliced and maternal RNA in O. dioica, we next examined if this was also observed in two other metazoans that carry out transsplicing: C. elegans and Ci. intestinalis. We also assessed the relative contribution of operon genes and trans-spliced monocistronic genes in these species. Trans-spliced transcripts are known (from EST data) to be enriched in the gonad and the egg in Ci. intestinalis (Sierro et al. 2009 ). Operons, with trans-spliced cistrons, were also found to be enriched in transcripts expressed in the germline in C. elegans and this enrichment was proposed to influence operon evolution (Reinke and Cutter 2009) . Using published microarray and high-throughput sequencing data in Ci. intestinalis (Azumi et al. 2007; Matsumoto et al. 2010; Matsuoka et al. 2013 ) and C. elegans (Baugh et al. 2003; Allen et al. 2011 ; see Materials and Methods for details), we found maternal transcripts to be enriched for trans-spliced genes in both species: 77% of maternal genes are trans-spliced, compared with 66% of nonmaternal genes in Ci. intestinalis ( 2 [1, N = 3,974] = 58.66, P-value = 1.873e-14); 64% of maternal genes are trans-spliced, compared with 50% of nonmaternal genes in C. elegans 
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Trans-Splicing and Operons in Metazoans . doi:10.1093/molbev/msu336 MBE that trans-splicing itself, rather than the organization of genes into operons, is the common factor for maternal mRNA in these metazoans. Supporting this, an enrichment of trans-spliced transcripts in maternal genes remains in both O. dioica (30% vs. 6%; 2 [1, N = 8,402] = 897.91, P-value < 2.2e-16) and C. elegans (53% vs. 47%; 2 [1, N = 3,583] = 8.29, P-value = 0.004) when operons are excluded from the analysis. This enrichment was strengthened in C. elegans when testing maternal transcripts that are rapidly degraded: 54% versus 41% are trans-spliced in degraded versus sustained maternal transcripts. Degraded maternal transcripts were also enriched for trans-spliced transcripts in O. dioica and Ci. intestinalis ( fig. 5) .
Together, our results suggest a primary role for the SL sequence itself in maternal mRNA regulation and that organization into operons may be of secondary importance. Furthermore, it is apparent that whereas all three species show a similar enrichment of trans-splicing in maternal transcripts, and O. dioica exhibits the most extreme shift in the differential use of trans-splicing and operon organization when comparing maternally versus nonmaternally expressed genes.
Operon Expression Is Not Upregulated during Recovery from Growth Arrest
Because O. dioica operons are enriched for growth-related genes and we did see a weak anticorrelation between the expression profiles of operons and nonoperons across normal development, we also decided to test the hypothesis that operons have evolved in metazoans because they provide an advantage in recovery from growth arrest (Zaslaver et al. 2011) .
Under crowded, food-limited, conditions O. dioica enters a growth-arrested state (Subramaniam et al. 2014) . Under these conditions the animals develop to morphologically resemble normal day 3 animals and arrest their development at this stage, just before germline differentiation ). Growth-arrested animals continue to produce extracellular, cellulose-based "houses" (Sagane et al. 2010; Hosp et al. 2012 ) which they use for filter feeding. Animals in this state can live for more than three times the usual 6-day life cycle. Upon dilution to normal culture conditions the animals rapidly resume their development; gonads mature, and the animals spawn and die.
We measured the genome-wide transcriptional response during recovery from growth arrest using tiling microarrays. Similar to what was observed in C. elegans (Maxwell et al. 2012) , we found that recovery was rapid with a transcriptional response at its maximum at 30 min after release from growth arrest ( fig. 6A-D) . Operons had a higher mean expression level at all time points than nonoperons ( fig. 6A) . However, the mean fold change of gene expression levels during recovery relative to growth arrest was higher in non-trans-spliced nonoperons (1.96-fold) than in operons (1.14-fold) ( fig. 6B) . The mean expression level of monocistronic trans-spliced genes was equivalent to that of trans-spliced operon genes and their mean fold change upon release from growth arrest was higher (1.40-fold) than that of operon genes. Finally, the number of monocistronic genes without SL trans-splicing that were expressed increased upon release from growth arrest, whereas the number of expressed genes in other categories remained similar ( fig. 6C ).
We further examined the genes that were upregulated during recovery compared with growth arrest. At 30 min after release, 831 genes that were silent during growth arrest were expressed (most were weakly expressed; mean expression level 30 times lower than the mean of all genes expressed at 30 min after release). These early response genes were particularly enriched for GO terms related to muscle such as muscle contraction, ion transport, and cell-cell signaling (supplementary table S3, Supplementary Material online). These share similarities with the functions of dauer recovery-specific genes in C. elegans (Wang and Kim 2003) . A subset of 35 of these genes were also downregulated upon entry into growth arrest compared with normal development and were also enriched for GO terms for muscle contraction. Only 3 out of these 35 are operon genes and 9 are SL-transspliced.
We also compared the mean expression profiles of the transcriptional machinery, splicing machinery, and translational machinery across development. Genes encoding transcriptional machinery were highly expressed during embryogenesis but then fell to levels comparable to that of genome-wide gene expression by the hatched stage and were subsequently maintained at this level ( fig. 7) . Genes encoding the translational machinery exhibited a similar early trend with a minimum attained at the hatched stage, but in contrast, then rose again during premetamorphic stages of organogenesis and were maintained at high levels during postmetamorphic day 1-5 stages. Intriguingly, the postminima portion of this curve mirrors very well the increasing entry of cells into endoreduplicative cycles, a cell (Ganot and Thompson 2002) . This suggests that during phases of rapid growth (Troedsson et al. 2002) translational, rather than transcriptional, control is increased in O. dioica. We found no significant change in mean expression levels of genes in these functional categories upon release from growth arrest (supplementary fig. S2 , Supplementary Material online). Together these data do not support the hypothesis that operons evolved in O. dioica due to an advantage in recovery from growth arrest via conservation of transcriptional resources.
The SL Sequence Supplies Translation Initiation Sites and Contains a TOP-Like Motif and TOP mRNAs Are Preferentially Trans-Spliced
In order to investigate a potential role for the SL in translation, we examined the locations of the nearest ATG start codons relative to sites of trans-splicing genome-wide ( fig. 1D ). We found a strong peak (15% of CTSSes) at the site immediately adjacent to the sites of trans-splicing, with smaller peaks either side. This could represent a space-saving strategy and a mechanism for the regulation of translation because the SL presumably provides a site for the binding of the ribosome and may also supply translational regulatory sequences. The 5 0 -end of the SL exon is thought to maintain its stem-loop secondary structure after trans-splicing (Ganot et al. 2004) , and could be regulating translation.
TOP mRNAs have a pyrimidine-enriched 5 0 -end containing a TOP motif. This motif functions as a cis-regulatory element for the control of mRNA translation in response to nutrient levels and growth stimuli (Meyuhas 2000) and is mediated via the mTORC1 pathway (Thoreen et al. 2012) . Well known TOP mRNAs include those that encode the translational apparatus, such as ribosomal proteins. A recent analysis of SL trans-spliced mRNAs in the sister urochordate, Ci. intestinalis (Matsumoto et al. 2010 ), found that ribosomal protein genes were strongly overrepresented in 
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Trans-Splicing and Operons in Metazoans . doi:10.1093/molbev/msu336 MBE non-trans-spliced mRNAs. The authors of the Ci. intestinalis study postulated that ribosomal protein genes are preferentially non-trans-spliced because they need to retain a TOP motif at their 5 0 -ends in order to regulate the translation of these mRNAs (Meyuhas 2000) . This motif would be removed if trans-splicing were to occur and be replaced by the SL sequence. We examined the 5 0 -UTRs of transcripts encoding ribosomal proteins in Ci. intestinalis and found an enrichment for a TOP-like motif (supplementary fig. S3 , Supplementary Material online), which supports this hypothesis.
In contrast to Ci. intestinalis, 80% (103/129) of O. dioica ribosomal proteins are trans-spliced, a significant overrepresentation ( 2 [1, N = 17,212] = 105.30, P-value < 2.2e-16), and most are located within operons (97/129) ( 2 [1, N = 17,212] = 131.79, P-value < 2.2e-16). We examined the 5 0 -UTRs of trans-spliced ribosomal proteins in O. dioica and found that, of those that have an annotated 5 0 -UTR 4 20 bp, 79% lack a TOP-like motif at the 5 0 -end. Of the 11 that do have a TOP-like motif, 10 are located internally (i.e., not the first gene) within operons. Once the polycistronic transcripts are resolved in these operons the 5 0 -end becomes the SL sequence. Thus, if an mRNA is trans-spliced its 5 0 -end will be replaced by the SL sequence and any TOP motif present at its 5 0 -end will either be spliced out or lose its function (due to its shift in position relative to the 5 0 -cap). This would effectively remove the selective pressure for retaining a TOP motif in the 5 0 -UTR of trans-spliced mRNAs and we would not expect to find TOP-like motifs in the 5 0 -UTRs of trans-spliced mRNAs any more than we would by chance. Indeed, genomewide, we found no significant relationship between the occurrence of a TOP-like motif in the 5 0 -UTR of a transcript and whether or not the transcript is trans-spliced ( 2 [1, N = 7,464] = 0.0455, P-value = 0.83)).
The majority of ribosomal protein gene transcripts are also trans-spliced in C. elegans. We used data from a recent genome-wide study on trans-splicing in C. elegans (Allen et al. 2011 ) to examine trans-splicing of ribosomal protein transcripts in more detail. Out of 79 cytoplasmic ribosomal protein genes all but one are trans-spliced, which is a significant enrichment ( 2 [1, N = 29,500] = 137.21, P-value < 2.2 e-16). The majority (81%) are trans-spliced primarily to SL1, which is trans-spliced to monocistronic transcripts and the first gene in a polycistron; 19% are trans-spliced primarily to SL2. This suggests that, as in O. dioica, the SL1 and SL2 sequences in C. elegans may provide a TOP-motif to these, and other, transspliced mRNAs.
A recent study found that the previous definition of the TOP motif (a cytidine immediately after the 5 0 -cap) followed by an uninterrupted stretch of 4-14 pyrimidines, Meyuhas (2000) was too conservative and proposed a new definition that requires a stretch of at least five pyrimidines within 4 nt of the TSS (Thoreen et al. 2012) , although their results suggest that this may still be too conservative and that single purines can interrupt this sequence. The SL sequence in O. dioica contains a stretch of pyrimidines at the 5 0 -end of the 40 nt exon (ACUCAUCCCAUUUUUGAGUCCGAUUUCGAUUGUC UAACAG), indicating that the SL may indeed replace the TOP motif. The 22 nt SL1 (GGUUUAAUUACCCAAGUUUGAG) and SL2 (GGUUUUAACCCAGUUACUCAAG) sequences in C. elegans, and SL sequences in other nematodes, have pyrimidine stretches interrupted by pairs of purines. SL sequences in other species, including cnidarians, ctenophores, arthropods, and sponges (Douris et al. 2010 ) also contain stretches of pyrimidines. Our results indicate that in O. dioica, and in C. elegans, a means for nutrient-dependent translational control is supplied by the SL to trans-spliced operon and monocistronic genes.
Discussion
Operons are thought to provide several possible selective advantages in eukaryotes including the coregulation of functionally related genes, genome compaction, and conservation of transcriptional resources. In order to resolve polycistronic transcripts, without the need for more complex translation initiation mechanisms, the SL trans-splicing machinery must already be present (Blumenthal 2004) . Given the phylogenetically dispersed nature of SL trans-splicing it is likely to have evolved independently multiple times (Douris et al. 2010) . SL trans-splicing has several hypothesized functions besides resolving polycistronic mRNA (Hastings 2005) including "sanitizing" the 5 0 -UTR, and giving these regions freedom to evolve regulatory sequences that would otherwise be deleterious to translation, and increasing the efficiency of translation, either via the modified cap structure or the SL sequence itself.
By accurately mapping SL trans-splice sites in O. dioica genome-wide, we were able to test several hypothesized functions of SL trans-splicing ( fig. 8) . We find many cases where the SL sequence is trans-spliced within one or two bases from an ATG start codon indicating that the SL sequence supplies sites for the assembly of ribosomal subunits and translation initiation. Interestingly, in O. dioica, the SL sequence contains a TOP-like motif and most TOP mRNA genes are transspliced with the SL. It is possible that all trans-spliced mRNAs in O. dioica are targets for translational control via this TOP-like motif. The translational control of TOP mRNAs allows for adjustments in the levels of their protein products in response to changes in physiological or environmental conditions (Meyuhas 2000) . Oogenesis in O. dioica results in highly variable numbers of oocytes in response to nutrient levels via the partitioning of the cytoplasm of its single-celled ovary (Ganot, Bouquet, et al. 2007 ). We find that SL-transspliced mRNAs are enriched in the ovary and oocytes. The (upper left, reviewed in Hastings [2005] ) or in this study (upper right) , where a TOP-like motif encoded in the SL-RNA exon confers nutrient-dependent translational control to trans-spliced mRNAs. In the bottom panels, previous work (Zaslaver et al. 2011 ) had found that transcription of genes organized in operons was preferentially upregulated during recovery from growth arrested states in Caenorhabditis elegans. This was interpreted to infer that a major driving force in metazoans for organizing trans-spliced genes into operons was to facilitate recovery from growth arrest through reduced demand on transcriptional machinery. However, our findings reveal that genes in operons are not preferentially expressed during recovery from growth arrest in Oikopleura dioica, and therefore, such a "transcriptional" driving force cannot be generalized to all metazoans. Instead, our data suggest that the translational regulation of maternal mRNA may be a common driving force for the evolution of SL-trans-splicing and that operons might be advantageous in that they impose the requirement for trans-splicing. We suggest that trans-splicing a TOP-like motif to maternal mRNAs enhances efficiency of the regulatory link between nutrient levels and reproductive output.
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Trans-Splicing and Operons in Metazoans . doi:10.1093/molbev/msu336 MBE TOP-like motif at the 5 0 -end of these mRNAs in the ovary may allow for the adjustment in levels of protein synthesis necessary for variable oocyte production in O. dioica. Oocyte numbers are also highly variable in C. elegans, and SL-transspliced operons are also enriched in the germline (Reinke and Cutter 2009 ). The SL2 sequence in C. elegans that resolves polycistronic transcripts contains a stretch of seven pyrimidines at its 5 0 -end, although it is interrupted by two purines (Pettitt et al. 2010) . Interestingly, the majority of the ribosomal proteins in C. elegans are also trans-spliced. This suggests a possible link between strategies of oogenesis, germline enrichment of trans-spliced transcripts and TOP-like motifs in SL RNA sequences. Ciona intestinalis does not trans-splice TOP mRNAs (Matsumoto et al. 2010) . The 16 nt SL (AUUC UAUUUGAAUAAG) in Ci. intestinalis is also shorter than most and is not predicted to form the same secondary structure. Trans-splicing in Ci. intestinalis may therefore have lost its nutrient-dependent translational-control ability but it may retain translational control elements in response to other stimuli. Ciona intestinalis trans-spliced genes are enriched for functional terms related to the plasma membrane and calcium transport (Matsumoto et al. 2010) . These functions are known to be important in oocyte maturation and fertilization (Tosti et al. 2011) .
SL trans-splicing has also been implicated in the recovery from developmental growth arrest. In C. elegans, such recovery involves an upregulation of operon genes in a manner that is anticorrelated with that of nonoperons (Zaslaver et al. 2011) . In contrast, we found that non-trans-spliced nonoperon genes are upregulated in O. dioica during recovery from growth arrest. The recovery response in C. elegans includes an early upregulation of feeding-related genes that are enriched for general metabolism and growth-related GO terms (Wang and Kim 2003) corresponding to the functions common to operon genes. Indeed, the accumulation of RNA pol II on the promoters of growth and development genes in C. elegans is nutritionally controlled, poising genes for rapid expression upon recovery from L1 arrest in response to feeding (Baugh et al. 2009 ). Growth arrest in both O. dioica and C. elegans occurs in response to nutrient limitation, but whereas the C. elegans dauer completely ceases feeding, O. dioica continues to actively filtrate the water column for food during the phase of growth arrest, even under conditions of drastically reduced food availability. Correspondingly, we found that genes upregulated during recovery from growth arrest in O. dioica were enriched for GO terms similar to those of dauer-recovery-specific genes (in particular those related to muscle), but did not include the feeding response genes observed during recovery in C. elegans (Wang and Kim 2003) . Overall, this indicates some shared functional pathways involved in recovery from growth arrest in these two species. However, among metazoan species known to organize portions of their gene complement in operons, our data show that their proposed deployment as a means to conserve transcriptional resources during recovery from growth arrest cannot be generalized. Instead, the growth arrest-recovery data from C. elegans can be explained by our translational control hypothesis; trans-spliced genes upregulated in response to feeding may provide a means for the translational control of their products in response to nutrient availability. Because operon genes are predominantly maternal, this may reflect a specific upregulation of oogenesis-related genes upon release from dauer state in C. elegans. Indeed, germline-enriched genes are overrepresented in the set of genes identified by Wang and Kim (2003) as feeding response genes during dauer recovery.
Much of postembryonic growth in O. dioica does not rely on cell proliferation, instead endocycling leads to an increase in cell volume. Keeping the number of cells fixed but increasing cytoplasmic volume may facilitate the reliance on translational control over transcriptional regulation. We see that expression levels of the translational machinery are upregulated posthatching, whereas expression of transcriptional machinery mRNAs remains at a lower level. A reliance on translational control, particularly via a trans-spliced leader sequence may be an advantage for a compact genome because fewer noncoding regulatory sequences are required. This may in turn allow further genome compaction. Recovery from growth arrest in O. dioica may also rely more on translational control than transcriptional regulation. SL-trans-spliced TOP-like mRNAs may be sequestered to reduce levels of protein synthesis during growth arrest. Upon recovery these mRNAs can be rapidly translated leading to higher protein output without a dramatic change in levels of transcription. This may differ in C. elegans due to the response to feeding, which may upregulate transcription as well as translation.
The incorporation of a series of genes into operons effectively imposes the requirement for SL-trans-splicing in order to produce protein products. This would be an advantage if their translation is regulated via the SL. Conversely, genes that are not incorporated into operons may retain independent regulation and expression: Where SL RNA is abundant they are trans-spliced and their translation regulated; where there is a reduction in SL RNA they will still be expressed but will not be trans-spliced with the SL. A subset of these genes would be translated if they do not require the SL to provide a binding site for the ribosome and if they do not require sanitization of their 5 0 -UTRs. Evidence for transcripts that are both non-trans-spliced and trans-spliced was recently found in Ci. intestinalis (Matsumoto et al. 2010) . It would be interesting to test the prevalence of genes that are both transspliced and non-trans-spliced, at specific developmental stages, in O. dioica and whether this corresponds to the abundance of SL RNA.
Our results provide further evidence for the enrichment of operons in metazoan germlines. However, our results do not support the hypothesis that conserving transcriptional resources as an advantage in recovery from growth arrest was the driving force for the evolution of operons in metazoans. Given the enrichment of trans-splicing in genes that depend on translational control (maternal transcripts and TOP mRNAs that require a TOP motif at their 5 0 -end), we hypothesize that SL-trans-splicing provides an evolutionary advantage in species that depend upon translational control in response to a changing environment, particularly in the control of reproductive output during oogenesis. We propose that facilitating SL trans-splicing may be a key driving force for operon evolution and retention in such species.
Materials and Methods

Modified deepCAGE
Total RNA from different stages across development was pooled and used in a modified DeepCAGE protocol (Kodzius et al. 2006) , carried out by DNAFORM, Yokohama City, Japan. A custom designed SL primer (using the SL exon) was used in the second strand synthesis step.
Finding Trans-Splice Sites and Quantifying the Abundance of Trans-Splicing
We received 13,283,771 38 bp Illumina reads. We mapped these to the O. dioica reference genome (Bouquet et al. 2009; Denoeud et al. 2010 ) using Bowtie (Langmead et al. 2009 ) with default parameters (allowing two mismatches per read). Among the total reads, 89.82% mapped uniquely to the genome, 7.26% failed to align, and 2.92% mapped to multiple locations.. The 5 0 -coordinates of all uniquely mapping read (CAGE tag) alignments were extracted from the Bowtie output to give positions of CTSSes, and the number of tags at each position was computed to give a tag count for each CTSS.
Associating Trans-Spliced Sites with Gene Models and Their GO Annotations Genoscope gene model predictions and annotations of polycistrons (available from www.genoscope.fr last accessed December 15, 2014) were used to calculate the distance to transcription start sites and to classify genes into operons and nonoperons. A gene was classed as SL trans-spliced for downstream analysis if there was a CTSS within the gene body or within a 500 bp upstream region that was supported by greater than 1 tag count and that had an AG acceptor site motif immediately upstream. A gene was classed as an operon gene for downstream analysis only if it was also classed as SL trans-spliced. We used O. dioica GO annotations described in Danks et al. (2013) . We used the Bioconductor GOstats package in R to compute hypergeomtric P-values for overrepresentation of GO terms in different sets of genes.
Oikopleura dioica Gene Expression Data
Gene expression values at each stage were taken from Danks et al. (2013) . Gene expression profiles were clustered hierarchically using 1-Pearson's correlation coefficient. Maternal genes were defined by presence in the oocyte. Nonmaternal genes were defined by absence in the oocyte-1HPF stages and presence in the tailbud stage.
Ciona intestinalis Data Sources and Analysis
Maternal genes were initially defined based on supplementary table 2, Supplementary Material online, in Matsuoka et al. (2013) , using only genes with stable expression levels between egg batches. Genes were defined as trans-spliced based on supplementary data, Supplementary Material online, from Matsumoto et al. (2010) . Operons were defined based on version 2010 KH annotations downloaded from the Ghost database (Satou et al. 2005) . Differential expression analysis was performed using the R package limma (Smyth 2004) using expression data sets following Matsuoka et al. (2013) . Maternal and nonmaternal (adult) genes were also defined according to the clustering results of Azumi et al. (2007) after intersecting these with the stable maternal genes defined by Matsuoka et al. (2013) : 667 genes that were present in the "adult" cluster (Azumi et al. 2007 ) and absent from the maternal gene set (Matsuoka et al. 2013) we refer to as "nonmaternal"; 4,041 genes present in the "maternal" cluster (Azumi et al. 2007 ) and present in the stable maternal gene set (Matsuoka et al. 2013 ) we refer to as maternal. Of these groups of genes 527 maternal genes and 183 nonmaternal genes were present in the tailbud trans-spliced data set (Matsumoto et al. 2010) . KH gene models were mapped to Kyoto grail 2005 gene models using blast data downloaded from Aniseed (http://www.aniseed.cnrs.fr/aniseed/ last accessed December 15, 2014).
Caenorhabditis elegans Data Sources and Analysis
Maternal genes and maternal degraded transcripts were defined based on the clustering results of Baugh et al. (2003) . We used the "strictly embryonic" cluster to define nonmaternal genes. Genes were defined as trans-spliced and were classed as operon or nonoperon based on Supplementary Material online from Allen et al. (2011) .
Growth Arrest Recovery
Animals were cultured at higher than normal density (~3 animals/10 ml) in order to induce developmental arrest at day 2/3. Animals were fed normal concentrations of food and kept in stasis for 7 days (beyond their normal lifespan), in order to ensure the animals were developmentally arrested. On the seventh day, animals were collected. One sample of growth arrested animals was taken as a reference. For each timepoint (0.5 h, 1.5 h, and 4 h), animals were released from growth arrest by diluting them to normal density (0.25 animals/10 ml). Approximately 1,000 animals were collected in a half hour window centered around each timepoint. Collected animals were then prepared immediately as previously (Danks et al. 2013) . RNA extraction, cDNA synthesis and hybridization to NimbleGen tiling microarrays, array scanning, and conversion of raw probe intensities into gene expression values were carried out as previously (Danks et al. 2013) . Two biological replicates were processed for each stasis sample and release time series.
TOP-Like Motif Analysis
Following Thoreen et al. (2012) , we defined a TOP-like motif as a stretch of at least five pyrimidines within 4 bp of annotated 5 0 -start sites, within 5 0 -UTRs, and excluded those that had 5 0 -UTRs less than 20 bp in length. Ciona intestinalis ribosomal protein 5 0 -UTR sequences were obtained from Ensembl genes 75 biomart using the GO term ID
